Human spermatogonial stem cells (SSCs) could have significant applications in reproductive medicine and regenerative medicine because of their great plasticity. The fate determinations of human SSCs are mediated by epigenetic factors. However, nothing is known about the regulation of non-coding RNA on human SSCs. Here we have explored for the first time the expression, function, and target of miR-663a in human SSCs. MiR-663a was upregulated in human spermatogonia compared with pachytene spermatocytes, as indicated by microRNA microarray and real-time PCR. CCK-8 and 5-Ethynyl-2 0 -deoxyuridine (EDU) assays revealed that miR663a stimulated cell proliferation and DNA synthesis of human SSCs. Annexin V and propidium iodide (PI) staining and flow cytometry demonstrated that miR-663a inhibited early and late apoptosis of human SSCs. Furthermore, NFIX was predicted and verified as a direct target of miR-663a. NFIX silencing led to an enhancement of cell proliferation and DNA synthesis and a reduction of the early apoptosis of human SSCs. NFIX silencing neutralized the influence of miR-663a inhibitor on the proliferation and apoptosis of human SSCs. Finally, both miR-663a mimics and NFIX silencing upregulated the levels of cell cycle regulators, including Cyclin A2, Cyclin B1, and Cyclin E1, whereas miR-663a inhibitor had an adverse effect. Knockdown of Cyclin A2, Cyclin B1, and Cyclin E1 led to the decrease in the proliferation of human SSCs. Collectively, miR-663a has been identified as the first microRNA that promotes the proliferation and DNA synthesis and suppresses the early apoptosis of human SSCs by targeting NFIX via cell cycle regulators Cyclin A2, Cyclin B1, and Cyclin E1. This study thus provides novel insights into the molecular mechanisms underlying human spermatogenesis, and it could offer novel targets for treating male infertility and other human diseases.
INTRODUCTION
Spermatogonial stem cells (SSCs) are a subpopulation of type A spermatogonia in the testis. Significantly, SSCs could have great applications in reproductive medicine to treat male infertility and regenerative medicine for various kinds of human diseases, because SSCs can be induced to generate mature and functional spermatids 1 and they acquire pluripotency to become embryonic stem-like (ES-like) cells that differentiate to mature and functional cells of three germ cell layers. [2] [3] [4] In addition, SSCs are able to directly transdifferentiate to other cell lineages, including hepatocytes [5] [6] [7] and neuron, 8 and other tissues, e.g., prostatic, uterine, and skin epithelium. 9 Therefore, it is essential to uncover the molecular mechanisms underlying the fate decisions of human SSCs, including the proliferation, differentiation, transdifferentiation, and apoptosis. In the seminiferous tubules, SSCs can divide to maintain the pool of stem cells, and they differentiate into spermatocytes and mature spermatozoa 10, 11 and undergo apoptosis to remove extra cells. The fate determinations of SSCs are regulated tightly by epigenetic and genetic factors.
Emerging as a novel and crucial post-transcriptional regulator, microRNAs (miRNAs) are a class of endogenous small single-stranded RNA molecules (18-25 nt in length) that intricately participate in epigenetic regulation. 12, 13 miRNAs negatively regulate gene expression via binding the complementary sequences in the 3 0 UTRs of the targeting mRNAs, which results in the degradation of mRNA or translation inhibition.
14 miRNAs were first found in mammalian animals in 2001, 15 and increasing evidence has demonstrated that miRNAs play indispensable roles in the three stages of spermatogenesis in rodents. [16] [17] [18] MiR-21 has been shown to promote the proliferation and maintain the survival of mouse SSCs through regulating transcription factor ETV5, 19 while miR-221 and miR-222 retain the undifferentiated status of mouse spermatogonia via the suppression of KIT expression. 20 We have demonstrated that miR-20 and miR-106a stimulate the self-renewal of mouse SSCs by targeting STAT3. 21 MiR-34c has been found to be specifically expressed in mouse germ cells, 22 and simultaneous inactivation of two miRNA clusters, namely miR-34b/c and miR-449, leads to severe testicular disruption and defective spermatogenesis. 23 It has recently been reported that miR-7a2 regulates the level of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) through pituitary prostaglandin and BMP4 signaling, and miR-7a2 ablation causes hypogonadism and eventual male infertility in mice. 24 Moreover, miR-202 deficiency leads to the differentiation of mouse SSCs to the differentiating spermatogonia by suppressing Rbfox2, Cpeb1, and cell cycle regulators. 25 These findings reflect the significant roles of miRNAs in determining the fate determinations of rodent SSCs. Nevertheless, previous studies were restricted to miRNA in mice. Notably, there are distinct cell types and biochemical phenotypes between rodent SSCs and human SSCs. 26, 27 As a result, the molecular mechanisms in regulating SSCs in human and other species, including rodents, could be distinct. For example, the JAK/STAT pathway has been demonstrated to facilitate the self-renewal of Drosophila SSCs. 28 Conversely, the STAT3 pathway has been shown to be required for the differentiation of mouse SSCs. 29 Almost nothing is known about the function and mechanism of miRNAs on the regulation of human SSCs, due to the following factors, which impede a better understanding of the molecular mechanism of human SSCs. The number of human primary SSCs is very scarce, and it is rather difficult to obtain human testicular tissues. Additionally, long-term culture and expansion of human SSCs have not yet been available. We have established a human SSC line with an unlimited proliferation potential and high safety. 30 Utilizing this stable human SSC line in the current study, we have demonstrated for the first time that miR-663a stimulates the proliferation and DNA synthesis and inhibits the apoptosis of human SSCs by targeting NFIX via cell cycle regulators, including Cyclin A2, Cyclin B1, and Cyclin E1. Significantly, this study offers novel insights into the epigenetic regulation of human SSCs, and it provides new targets for human SSCs in treating male infertility and other disorders.
RESULTS

Isolation and Identification of Human Spermatogonia and Pachytene Spermatocytes from Testicular Tissues of OA Patients
A two-step enzymatic digestion followed by differential plating and STA-PUT sedimentation were employed to isolate the human spermatogonia and pachytene spermatocytes from testicular tissues of obstructive azoospermia (OA) patients. The seminiferous tubules were isolated after a first enzymatic digestion. Human germ cells, Sertoli cells, and myoid cells were then obtained after a second enzymatic digestion, and they were placed in a cell culture dish for differential plating. Due to different characteristics, human Sertoli cells and myoid cells attached to the culture plate, whereas male germ cells were suspended in medium. Human male germ cells were collected by centrifuging, and human spermatogonia and pachytene spermatocytes were further separated by STA-PUT velocity sedimentation. 31 Freshly isolated human spermatogonia and pachytene spermatocytes were identified based on their morphological and phenotypic characteristics. Individual spherical spermatogonium could be observed under a phase-contrast microscope with large round or ovoid nuclei and a diameter of 9$12 mm ( Figure 1A) . Notably, pachytene spermatocytes could be easily recognized because of their patchy condensed chromatin and diameter of 14$16 mm ( Figure 1B ).
To further identify the phenotypic characteristics of human spermatogonia and pachytene spermatocytes, numerous markers, respectively, for these cells were used. RT-PCR showed that the transcripts of UCHL1, GPR125, GFRA1, and THY1 were detected in human spermatogonia ( Figure 1D ), and SYCP3, MLH1, and CREST mRNA were expressed in human pachytene spermatocytes ( Figure 1E ). RNA without RT (no cDNA) but with PCR of GAPDH primers served as negative controls ( Figures 1D and 1E) , and GAPDH was used as the loading control of total RNA ( Figures 1D and 1E ).
Immunocytochemistry further revealed that 90% of the freshly isolated human spermatogonia was positive for GFRA1 ( Figure 1F ), GPR125 ( Figure 1G ), UCHL1 ( Figure 1H ), and THY1 ( Figure 1I ), markers for human spermatogonia. Meiotic chromatin spread displayed that 92% of the freshly isolated human pachytene spermatocytes were co-expressing CREST, SYCP3, and MLH1 ( Figure 1J ), hallmarks for spermatocytes.
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Differential Expression of MiR-663a between Human Spermatogonia and Pachytene Spermatocytes
We have performed miRNA microarrays to compare global miRNA profiles among human spermatogonia, pachytene spermatocytes, and round spermatids. 31 The representative miRNAs that are upregulated in human spermatogonia compared to pachytene spermatocytes were selected and are shown in Table 1 . Among these differentially expressed miRNAs, miR-663a was expressed at a higher level in human spermatogonia than pachytene spermatocytes. Real-time qPCR revealed the higher level of miR-663a in human spermatogonia compared to pachytene spermatocytes ( Figure 1C ), which was consistent with miR-663a expression patterns by miRNA microarrays (Table 1) . Therefore, we hypothesized that miR-663a might play a role in regulating the fate determinations of human spermatogonia and SSCs.
Phenotypic Identification of the Human SSC Line
Since the human SSC line was employed to examine the role of miR663a in determining the fate of human SSCs, we first identified the phenotypic identification of this cell line. RT-PCR showed that the human cell line expressed numerous genes for human germ cells and human spermatogonia, including VASA, MEGEA4, THY1, RET, GPR125, PLZF, UCHL1, and GFRA1 (Figure 2A ). The expression of these genes in testicular tissues of OA patients was used as positive controls ( Figure 2B ), while RNA without RT (no cDNA) but with PCR of GAPDH primers served as negative controls (Figures 2A and  2B ). Immunocytochemistry further revealed that the human cell line was positive for MAGEA4 ( Figure 2C Figure 2I ). Replacement of primary antibodies with isotype immunoglobulin Gs (IgGs) was used as the negative control ( Figure 2J ), and no immunostaining was observed, thus verifying specific staining of the antibodies mentioned above in the cell line. Taken together, these results suggest that the human cell line is human SSCs phenotypically.
MiR-663a Promotes Proliferation and DNA Synthesis of Human SSCs
To explore the function of miR-663a in human SSCs, we employed miR-663a mimics and inhibitor. As shown by fluorescein amidite (FAM)-labeled miRNA oligonucleotides, transfection efficiency of miR-663a mimics and inhibitor in the human SSC line was over 80% (Figures 3A and 3B) . miRNA mimics control, miR-663a mimics, miRNA inhibitor control, and miR-663a inhibitors were, respectively, transfected into the human SSC line. Realtime qPCR after transfection for 24 hr revealed that the expression level of miR-663a in these cells was significantly increased by miR663a mimics when compared with miRNA mimics control (Figure 3C) . In contrast, miR-663a level was statistically decreased by miR-663a inhibitor compared to miRNA inhibitor control ( Figure 3C ).
Proliferation ability of the human SSC line by miR-663a was determined by diverse assays. First, we conducted the cell proliferation assays from 24 to 120 hr after transfection of miR-663a mimics and miR-663a inhibitor; the growth of human SSCs was obviously enhanced by miR-663a mimics compared to miRNA mimics control ( Figure 3D ), whereas miR-663a inhibitor distinctly reduced the proliferation of the human SSC line compared to miRNA inhibitor control ( Figure 3E ). EDU (5-Ethynyl-2 0 -deoxyuridine) incorporation assay demonstrated that the percentage of EDU-positive cells was increased by miR-663a mimics and decreased by miR-663a inhibitor ( Figures 4A-4F) . A generally employed marker of cellular proliferation, PCNA (Proliferating cell nuclear antigen) was also detected. Western blots showed that protein level of PCNA was increased by miR-663a mimics versus the miRNA mimics control, whereas PCNA level was reduced by miR-663a inhibitor compared to the miRNA inhibitor control ( Figures 4G and 4H) . Collectively, these results indicate that miR-663a stimulates the proliferation and DNA synthesis of human SSCs.
MiR-663a Inhibits the Early Apoptosis of Human SSCs
Annexin V and propidium iodide (PI) staining and flow cytometry assay indicated that miR-663a mimics could simultaneously suppress the early apoptosis of the human SSC line (Figures 5A-5C ). Conversely, miR-663a inhibitor led to an increase of early apoptosis of the human SSC line when compared with miRNA inhibitor control ( Figures 5D-5F ). These data reflect that the miR-663a mimics suppresses the early apoptosis of human SSCs. We further identified the targets of miR-663a since miRNAs act as epigenetic regulators by binding with the 3 0 UTR of relative mRNAs. Using miRNA predict software, namely Targetscan and miRDB, we predicted that transcription factor NFIX was a potential binding target of miR-663a. As shown in Figure 6A , the seed region (the second to eighth nucleotides) of miR-663a could bind with the target 3 0 UTR sequence of NFIX mRNA. Real-time qPCR showed that the expression levels of NFIX were downregulated by miR-663a mimics but increased by miR-663a inhibitor ( Figure 6B) . Simultaneously, Western blots demonstrated that the protein of NFIX was significantly repressed by miR-663a mimics but enhanced by miR-663a inhibitor ( Figure 6C ). Additionally, we conducted dual luciferase assays to further confirm the binding cite of NFIX mRNA. The predicted sequence in 3 0 UTR of NFIX mRNA reduced luciferase activity of the fusion genes in response to the treatment of miR-663a mimics ( Figure 6D ). In contrast, mutated target sequences failed to exert any effect on the luciferase activity ( Figure 6E ). Considered together, these data implicate NFIX as a direct target of miR-663a in human SSCs.
NFIX Silencing Stimulates the Proliferation and Suppresses the Early Apoptosis of Human SSCs
We next probed the influence of NFIX on the proliferation and apoptosis of the human SSC line. RNAi was used to silence NFIX in the human SSC line. Three pairs of NFIX small interfering RNAs (siRNAs) (i.e., NFIX siRNA 1, NFIX siRNA 2, and NFIX siRNA 3) with different binding sites were employed to obtain sequence-specific siRNAs of NFIX. The transfection efficiency of NFIX siRNAs in the human SSC line was over 80%, as evidenced by the transfection of FAM-labeled fluorescent oligo ( Figures 3A and 3B ). Expression of NFIX was examined by real-time qPCR and Western blots. All three NFIX siRNAs specifically knocked down the NFIX level, and NFIX siRNA 3 assumed the highest efficiency of NFIX silencing ( Figure 7A ). Western blots indicated that NFIX siRNAs 2 and 3 were more effective in reducing protein level of NFIX compared with NFIX siRNA 1 ( Figure 7B ). Annexin V and PI staining and flow cytometry assay illustrated that knockdown of NFIX reduced the early apoptosis of the human SSC line ( Figures 7I-7K ). Considered together, NFIX silencing significantly promotes the division and inhibits early apoptosis of human SSCs, which is consistent with the effect of miR-663a mimics.
The Synergetic Effect of MiR-663a and NFIX on DNA Synthesis, Proliferation, and Apoptosis of Human SSCs
We checked whether NFIX had a synergetic effect with miR-663a on human SSCs. As shown in Figures 8A-8D , the decline in the percentages of EDU + cells by miR-663a inhibitor was counteracted by NFIX siRNA 3 in the human SSC line. Similarly, the decrease in the proliferation of the human SSC line caused by miR-663a inhibitor was neutralized by NFIX siRNA 3 at day 4 and day 5 ( Figure 8E ). MiR-663a Upregulates the Levels of Cell Cycle Proteins Cyclin A2, Cyclin B1, and Cyclin E1, but Not CDK2
We asked whether miR-663a changed the levels of cell cycle proteins in fate determination of the human SSC line. The progression of cell cycle is modulated by diverse cyclins and cyclin-dependent kinases (CDKs). 35 Here we examined several cell cycle regulators, including Cyclin A2, Cyclin B1, Cyclin E1, and CDK2, in the human SSC line after transfection of miR-663a mimic and inhibitor. Western blots demonstrated that miR-663a mimics significantly elevated the expression levels of Cyclin A2 ( Figures 10A and 10B ), Cyclin B1 (Figures 10A and 10C) , and Cyclin E1 ( Figures 10A and 10D ), whereas miR-663a inhibitor decreased the protein levels of the three cell cycle proteins ( Figures 10A-10D ). Additionally, no statistically significant change of CDK2 was observed in the human SSC line with treatment of miR-663a mimics, inhibitor, or control. Therefore, miR-663a upregulates the levels of Cyclin A2, Cyclin B1, and Cyclin E1 rather than CDK2. We finally explored the influence of Cyclin A2, Cyclin B1, and Cyclin E1 silencing on the proliferation of human SSCs. Western blots revealed that Cyclin A2, Cyclin B1, and Cyclin E1 siRNAs led to a significant decrease in the levels of PCNA, a hallmark for cell proliferation, in the human SSC line ( Figures 12A and 12B ). CCK-8 assay further demonstrated that cell growth was significantly decreased by Cyclin B1 and Cyclin E1 siRNAs in the human SSC line at day 4 and day 5 ( Figure 12C ).
DISCUSSION
Mammalian SSCs share the potential of differentiating into various kinds of male germ cells, and a sufficient population maintained by the proliferation of SSCs determines the capacity of mammalian fertility. Therefore, the studies on the proliferation and mechanisms of SSCs are of great significance for preservation and reestablishment of male reproduction. Although much progress has been achieved in uncovering the mechanisms underlying the spermatogenesis in rodents, epigenetic and genetic regulation of male germ cells in humans remains largely unknown. We have previously revealed a large scale of differentially expressed miRNAs between human spermatogonia and pachytene spermatocytes. 31 Among the differentially expressed miRNAs, we found that miR-663a was expressed at a higher level in human spermatogonia compared to pachytene spermatocytes, as
shown by miRNA microarray and real-time qPCR. It has been reported that miR-663a suppresses the proliferation and invasion by targeting JunD in non-small-cell lung cancer cells, 36 and miR-663a may be involved in chordoma development. 37 However, it remains unclear about the role and molecular mechanism of miR-663a in regulating human SSCs.
We have recently established a human SSC line with an unlimited proliferation potential and high safety. 30 Notably, this cell line assumes the phenotype of human primary SSCs, since they express numerous markers of SSCs and male germ cells, including THY1, RET, GPR125, PLZF, MAGEA4, VASA, UCHL1, and GFRA1, which has been verified in this study. This human SSC line possesses stronger proliferation ability than primary human SSCs, and it can colonize and proliferate in the recipient mice, a characteristic of primary human SSCs in vivo. Due to scarce human testicular tissues, this SSC line emerges as an excellent and important cell resource for basic research of SSCs. In this study, cell proliferation and apoptosis assays were conducted by transfecting miRNA mimics and inhibitor oligonucleotides into the human SSC line with a transfection efficiency of over 80%. We have demonstrated that miR-663a stimulates the proliferation and DNA synthesis of human SSCs, as indicated by CCK-8 assay, EDU incorporation assay, and PCNA expression. We have also revealed that miR663a inhibits the early apoptosis of human SSCs, as evidenced by Annexin V and PI staining and flow cytometry as well as by TUNEL assay.
NFIX is a member of the nuclear factor I (NFI) family of transcription factors. The NFI genes are dual-directional factors that act as both positive and negative transcriptional regulators of cellular gene expression. There are four NFI members, namely NFIA, NFIB, NFIC, and NFIX, and they are expressed in various kinds of organs and exert different functions in a cell type-dependent manner. 38 The NFI genes are highly evolutionarily conserved in higher eukaryotes, especially in vertebrates. 39 Like other mRNAs, NFIX comprises a short 5 0 UTR, which codes sequence (CDS), and a huge 3 0 UTR that is the target of different miRNAs. The level of NFIX is obviously upregulated in neural stem cells (NSCs) at the transition from proliferation to quiescence, and it is most abundant in quiescent NSCs. 40 It has been reported that Nfix plays a role in inducing the quiescence of the NSCs in vitro and controls the cell adhesion properties of NSCs in vivo. 40 In addition, NFIX has been found to regulate the metastasis in lung cancer by transcribing the genes, e.g., IL6ST, TIMP1, and ITGB1, and it promotes the inflammation, proliferation, migration, and invasion of cancer cells. 41 It has been suggested that NFIX is related to overgrowth syndrome and Marshall-Smith syndrome, and it promotes the commitment of radial glia into intermediate progenitor cells in neuron generation during forebrain development. [42] [43] [44] Predicted by Targetscan and miRDB software, a panel of potential miR-663a targets was selected and classified by functional annotation clustering. Fortunately, we identified NFIX as a potential target of miR-663a. Subsequently, our real-time qPCR and western blots validated the inverse level of NFIX in response to miR-663a mimics and inhibitor, indicating that NFIX is a direct target of miR-663a in human SSCs. Dual luciferase reporter assays further confirmed the targeting of miR-663a to NFIX. Notably, NFIX silencing in the human SSC line stimulated the propagation and suppressed the early apoptosis of the human SSC line, which is consistent with the effect of miR-663a overexpression. Significantly, we found that NFIX silencing could neutralize the influence of the miR-663a inhibitor on DNA synthesis, proliferation, and apoptosis of human SSCs. Considered together, NFIX has been identified as a direct target of miR-663a in human SSCs.
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We finally checked the level changes of cell cycle regulators, including Cyclin A2, Cyclin B1, Cyclin E1, and CDK2, for a better understanding of the molecular mechanism of miR-663a in human SSCs. Cyclin A2 is expressed in the male germline in mitotic spermatogonia and preleptotene spermatocytes, and it drives the progression through S and G 2 /M phases of cell cycle. 45 Cyclin B1 is expressed in both mitotic and meiotic cells, and it plays an indispensable role in the G 2 /M phase. 45, 46 It has been reported that E-type cyclins (Cyclin E1 and E2) are functional redundancy regulators. Cyclin E is involved in G 1 progression and G 1 /S transition, and the absence of Cyclin E has been shown to be substituted by other cyclins in the regulation of cell proliferation. 47, 48 Additionally, Cdk2 is dispensable for the mitotic cell cycle, while Cdk1 and Cdk4 can replace the Cdk2. 49, 50 Utilizing miR-663a mimics and inhibitor, we found that the levels of Cyclin A2, Cyclin B1, and Cyclin E1 were upregulated by miR-663a mimics in the human SSC line, whereas their levels were reduced in response to miR-663a inhibitor.
There was no statistically significant difference in the level of CDK2 among miR-663a mimics, miR-663a inhibitor, and the control in the human SSC line. Taken together, these results implicate that miR-663a regulates Cyclin A2, Cyclin B1, and Cyclin E1 in human SSCs. Furthermore, we revealed that NFIX negatively controlled Cyclin A2, Cyclin B1, and Cyclin E1 in human SSCs and that knockdown of Cyclin A2, Cyclin B1, and Cyclin E1 led to the decrease in proliferation of human SSCs.
In summary, we have demonstrated for the first time that miR-663a promotes the proliferation and DNA synthesis and suppresses the early apoptosis of human SSCs. We have also identified NFIX as a direct target of miR-663a in human SSCs. Furthermore, we have observed that miR-663a mediates cell cycle proteins Cyclin A2, Cyclin B1, and Cyclin E1 rather than CDK2 in human SSCs. Collectively, miR-663a facilitates the division and inhibits the early apoptosis of human SSCs via targeting NFIX and controlling cell cycle proteins Cyclin A2, Cyclin B1, and Cyclin E1 in human SSCs. This study thus sheds novel insights into epigenetic regulation of human SSCs, and it might provide new molecular targets for treating male infertility and other human diseases.
MATERIALS AND METHODS
Procurement of Testicular Tissues from OA Patients with Normal Spermatogenesis
Testicular tissues were obtained from OA patients who underwent microdissection of testicular biopsy and testicular sperm extraction at Ren Ji Hospital affiliated with Shanghai Jiao Tong University School of Medicine. These OA cases were caused by inflammation and vasoligation, and normal spermatogenesis with sperm production was observed in their testes. This study was approved by The 
Isolation of Human Spermatogonia and Pachytene Spermatocytes by STA-PUT Velocity Sedimentation
Testicular biopsies from OA patients were pooled and washed three times aseptically in DMEM containing antibiotics with penicillin and streptomycin (Gibco). Human male germ cells were separated from testicular tissues of OA patients via a two-step enzymatic digestion and followed by differential plating, as previously described. 27 Seminiferous tubules were isolated from human testis tissues by the first enzymatic digestion comprising 2 mg/mL collagenase IV (Gibco) and 1 mg/mL DNase I (Gibco) in 34 C water bath for 15 min. After sedimentation, human male germ cells, Sertoli cells, and myoid cells were obtained from seminiferous tubules using a second enzymatic digestion with 4 mg/mL collagenase IV, 2.5 mg/mL hyaluronidase (Sigma), 2 mg/mL trypsin (Sigma), and 1 mg/mL DNase I. Differential plating of the mixed cells was performed in a 10-cm-diameter cell culture dish in DMEM/F12 supplemented with 10% fetal bovine serum (FBS) (Gibco) at 34 C in 5% CO 2 for 1 day. Sertoli cells and myoid cells attached to the culture plates after incubating, whereas male germ cells remained in suspension and were collected by centrifuging at 1,000 rpm for 5 min.
A linear BSA gradient and velocity sedimentation was employed using the STA-PUT method to further separate human spermatogonia and pachytene spermatocytes from male germ cells in terms of their sizes, mass, and gravities. Approximately 3 Â 10 6 male germ cells were re-suspended in 15 mL 0.5% sterile BSA solution, followed by filtering through a 70-mm mesh to remove cell aggregates. The STA-PUT apparatus included two gradient glass chambers, namely, cell loading chamber and standard sedimentation chamber, plastic tubing, and baffles (ProScience Glass Shop Division, Scarborough, ON, Canada). In total, 15 mL cell suspension was loaded into the loading chamber, and the stirrer under the tube started to agitate and allow the cells to move into the sedimentation chamber ($5 min). The stirrer under the 2% BSA solution started to work, and artery clips were removed so that both 2% and 4% BSA solutions were introduced into the chamber ($10 min). A gradient of BSA was formed after 2.5 hr of sedimentation in the standard cell sedimentation chamber. Centrifuge tubes of 15 mL were used to collect cell fractions and designated from 1 to 40, respectively. After centrifuging at 1,000 rpm for 5 min, cells in each tube were re-suspended in 1 mL cold PBS. Each fraction was observed carefully under a phase-contrast microscope to assess cellular integrity and identify cell types. Fractions of similar cell size and morphology were pooled together and centrifuged at 1,000 rpm for 5 min for subsequent analyses by real-time qPCR, RT-PCR, and immunocytochemistry.
RNA Extraction and RT-PCR
Total RNA was extracted from human spermatogonia, pachytene spermatocytes, testicular tissues of OA patients, and the human www.moleculartherapy.org SSC line, respectively, using the RNAiso Plus reagent (Takara, Kusatsu, Japan). The concentrations of total RNA were determined by Nanodrop (Thermo Scientific, MA, USA). RNA with the ratio of A260/A280 = 1.9-2.0 was utilized for RT-PCR. RT was performed using the First Strand cDNA Synthesis Kit (Thermo Scientific, USA), and PCR of the cDNA was carried out according to the protocol described previously. 1 The primers of the chosen genes, including GPR125 (G protein-coupled receptor 125), GFRA1 (GDNF family receptor alpha 1), UCHL1 (Ubiquitin C-terminal hydrolase L1), THY1, SYCP3 (Synaptonemal complex protein 3), MLH1, CREST, RET, PLZF, MEGEA4, VASA, and GAPDH (Glyceraldehyde-3-phosphate dehydrogenase), were designed and listed in Table 2 . The PCR reaction started at 95 C for 5 min and was performed as follows: denaturation at 95 C for 30 s, annealing at 52 C-60 C as indicated in Table 2 for 30 s, elongation at 72 C for 45 s, for 35 cycles. The samples were incubated for an additional 5 min at 72 C. PCR products were separated by electrophoresis on 2% agarose gels, which were stained with Safer Ethidium Bromide Alternatives-GelGreen (Biotium, USA). Images were recorded by Image Analyzer ChemiDoc XRS + (Bio-Rad). Samples without cDNA (no cDNA) but with PCR of gene primers served as negative controls.
Real-Time qPCR
RNA was extracted from human spermatogonia; pachytene spermatocytes; and human SSCs without or with treatment of miR663a mimics, miR-663a inhibitor, miRNA mimic control, miRNA inhibitor control, NFIX siRNAs, or siRNA control using the RNAiso Plus reagent (Takara, Kusatsu, Japan). The concentrations of total RNA were measured by Nanodrop (Thermo Scientific, MA, USA), and the ratios of A260/A280 of total RNA were set as 1.9-2.0 to ensure good quality. For miRNA real-time PCR, RT reaction was performed using TransScript miRNA First-Strand cDNA Synthesis SuperMix Kit (Transgene). Each RT reaction was composed of 100 ng RNA, 1 mL miRNA RT Enzyme Mix, 10 mL 2Â TS miRNA Reaction Mix, and RNase-free water in a total volume of 20 mL. Reactions were performed in a Veriti 96-Well Thermal Cycler (Applied Biosystems) for 60 min at 37 C and followed by heat inactivation of RT for 5 s at 85 C. RT reaction mix was diluted by 5 times in nuclease-free water and held at À20 C. Primer sequences of miRNAs used for real-time PCR are listed in Table 3 . Real-time PCR was performed in triplicate using Power SYBR Green PCR Master Mix (Applied Biosystems, Woolston Warrington, UK) and a 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA), according to the protocol described previously. 51 Melting curve analysis was performed to validate the specific generation of the expected PCR products. The expression levels of miRNAs were normalized to U6 and calculated using the 2 ÀDDCt method. 51 Real-time PCR was also carried out to evaluate the expression of NFIX in freshly isolated human spermatogonia and pachytene spermatocytes from OA patients or human SSCs with treatment of miR-663a mimics, miR-663a inhibitor, miRNA mimic control, miRNA inhibitor control, NFIX-siRNAs, or siRNA control pursuant to the method described previously. 51 The primers of these genes were designed and are listed in Table 3 , and their expression levels were normalized to GAPDH and calculated using the 2 ÀDDCt method. 51 
Immunocytochemistry
For immunocytochemical staining, human spermatogonia, pachytene spermatocytes, and human SSCs were fixed with 4% paraformaldehyde (PFA) for 30 min, washed three times with cold PBS (Medicago, Uppsala, Sweden), and permeabilized in 0.5% Triton X-100 (Sigma) for 15 min. After washing with PBS, the cells were blocked in 2% BSA for 60 min, followed by incubation with primary antibodies (the detailed information is described in Table 4 ) overnight at 4 C. Replacement of primary antibodies with isotype IgGs served as negative controls. After extensive washes with PBS for 30 min, the cells were incubated with the secondary antibody IgG (Sigma) conjugated with fluorescein isothiocyanate (FITC) or rhodamine at Figure 10 . The Effect of MiR-663a on Levels of Cell Cycle Regulators Cyclin A2, Cyclin B1, Cyclin E1, and CDK2 in Human SSCs (A) Western blots showed the changes of Cyclin A2, Cyclin B1, Cyclin E1, and CDK2 proteins in human SSCs at day 3 after transfection of miRNA mimics control, miR663a mimics, miRNA inhibitor control, and miR-663a inhibitor. ACTB served as the control of the loading proteins. (B-E) The relative levels of Cyclin A2 (B), Cyclin B1 (C), Cyclin E1 (D), and CDK2 (E) proteins in human SSCs at day 3 after transfection of miR-663a mimics to miRNA mimics control and miR-663a inhibitor to miRNA inhibitor control through normalization to the signals of their loading control. *Statistically significant differences (p < 0.05) between miR-663a mimics-or inhibitor-treated group and the corresponding control. a 1:200 dilution for 1 hr at room temperature. DAPI was used to label the nuclei, and images were captured with a Nikon fluorescence microscope (Tokyo, Japan).
For the detection of MAGEA4, peroxidase-conjugated goat antimouse IgG (Envision detection kit, Dako) was used as the secondary antibody, and the immunostaining was examined under a light microscope.
Meiotic Spread Assays
Meiotic spread assays were performed to determine the identity of pachytene spermatocytes isolated from OA patients according to a method described previously. 31 Cells were lysed by a hypotonic solution and spread evenly over slides. The cells were fixed with 1% PFA and permeabilized in 0.15% Triton X-100. Slides were dried for 24 hr at room temperature in a humid chamber. The cells were treated with 0.04% photoflo for 5 min and blocked with 4% goat serum. Triple immunostaining was performed in the cells by incubation with primary antibodies, including SYCP3 (Abcam, ab15093, 1:100), CREST (Immunovision, HCT-0100, 1:100), and MLH1 (Abcam, ab14206, 1: 50), overnight at 37 C in a humid chamber. Goat anti-rabbit Alexa Fluor 555 (Invitrogen), AMCA-AffiniPure donkey anti-human IgG, and goat anti-mouse Alexa 488 secondary antibodies (Jackson ImmunoResearch Laboratories) were used as the secondary antibodies at 1:1,000 dilution and incubated for 90 min at 37 C. Cells were washed three times with PBS, and images were captured with a fluorescence microscope (Nikon, Tokyo, Japan).
Transfection of MiR-663a Mimics, MiR-663a Inhibitors, and NFIX siRNAs into the Human SSC Line
The miR-663a mimics and inhibitors were purchased from GenePharma (Shanghai, China). The oligonucleotides of miRNA mimics and inhibitors are shown in Table 5 . Human SSCs were seeded at 1 Â 10 5 /cm 2 density and cultured in DMEM/F12 supplemented with 10% FBS overnight.
Human SSCs were classified into four groups in terms of transfecting different miRNAs: (1) miRNA mimics control, (2) miR-663a mimics, (3) miRNA inhibitor control, and (4) miR-663a inhibitor. For RNAi assays, human SSCs were classified into four groups based on transfecting different siRNAs: (1) control siRNA, (2) NFIX siRNA 1, (3) NFIX siRNA 2, and (4) NFIX siRNA 3. Transfection of miRNA mimics or inhibitor and siRNAs were conducted using lipofectamine 3000 transfection agent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. After 48 hr of culture, cells were harvested for examining the expression changes of various genes and proteins accordingly.
CCK-8 Assay
Human SSCs were seeded at a density of 2,000 cells/well in 96-well microtiter plates in DMEM/F12 supplemented with 1% FBS, and they were transfected with miRNA mimics control; miR-663a mimics; miRNA inhibitor control; miR-663a inhibitor; miR-663a inhibitor and NFIX siRNA 3; NFIX siRNA 3; Cyclin A2, Cyclin B1, and Cyclin E1 siRNAs; or control siRNA. After 5 days of culture, the proliferation potential of human SSCs was examined by CCK-8 assay (Dojin Laboratories, Kumamoto, Japan), according to the manufacturer's instruction.
Western Blots
Human SSCs with treatment of miR-663a mimics; miRNA mimics control; miR-663a inhibitor; miRNA inhibitor control; NFIX siRNAs; Cyclin A2, Cyclin B1, and Cyclin E1 siRNAs; or siRNA control were lysed with RIPA buffer (Santa Cruz Biotechnology). After 30 min of lysis on ice, cell lysates were cleared by centrifugation at 12,000 Â g for 20 min, and the concentrations of proteins were measured by BCA kit (Dingguo, China). Cell lysate (30 mg) from each sample was used for SDS-PAGE (Bio-Rad), and Western blots were conducted according to the protocol described previously. 52 The detailed information of chosen antibodies was listed in Table 4 . After extensive washes with tris-buffered saline and Tween 20 (TBST), the blots were detected by chemiluminescence (Chemi-Doc XRS, Bio-Rad, Hercules, CA, USA).
EDU Incorporation Assay
The human SSC line was seeded at a density of 5,000 cells/well in a 96-well plate containing DMEM/F12 medium with 50 mM EDU (RiboBio, Guangzhou, China). Human SSCs were treated with miRNA mimics control, miR-663a mimics, miRNA inhibitor control, miR-663a inhibitor, miR-663a inhibitor and NFIX siRNA 3, control siRNA, or NFIX siRNA 3. After 12 hr of culture, the cells were washed with DMEM and fixed with 4% PFA. Cells were neutralized with 2 mg/mL glycine and permeabilized in 0.5% Triton X-100 for 10 min at room temperature. EDU immunostaining was performed with Apollo staining reaction buffer. The nuclei of cells were stained with Hoechst 33342, and the EDU-positive cells were counted from at least 500 cells under fluorescence microscopy (Nikon, Tokyo, Japan).
Annexin V and PI Staining and Flow Cytometry
The percentages of early and late apoptotic cells in human SSCs transfected without or with treatment of miR-663a mimics, miR-663a inhibitor, miRNA mimics control, miRNA inhibitor control, NFIX siRNAs, or control siRNA were measured using the APC Annexin V and PI apoptosis detection kit and flow cytometry, according to the manufacturer's instruction. Human SSC cells were seeded at a density of 5 Â 10 4 cells/well in 12-well plates. Cells were collected by centrifuging at 1,000 rpm for 5 min and washed twice with PBS at day 3 after transfection. The cells were simultaneously stained 
TUNEL Assay
Further analysis of apoptotic cells was conducted by TUNEL Apoptosis Detection Kit (Yeasen, Shanghai, China). Human SSCs were treated with miRNA mimics control, miR-663a mimics, miRNA inhibitor control, miR-663a inhibitor, miR-663a inhibitor and NFIX siRNA 3, control siRNA, or NFIX siRNA 3, according to the methods mentioned above. The cells were fixed with 4% PFA for 25 min at 4 C. After several washes, the cells were incubated with Proteinase K (20 mg/mL) and 1Â DNaseI Buffer for 5 min at room temperature. Cells were then treated with 10 U/mL DNaseI for 10 min at room temperature and followed by washes in deionized water. These cells were incubated with 1Â Equilibration Buffer for 30 min at room temperature and labeled by Alexa Fluor 647 in buffer premixed with TdT Enzyme for 60 min at 37 C. After being washed with PBS, the cells were finally stained with DAPI and analyzed under a fluorescence microscope (Nikon, Tokyo, Japan).
Dual Luciferase Assay
The human SSC line was seeded in a 48-well culture plate. Approximately 24 hr later, miRNA mimics were first transfected to the cells using lipofectamine 3000 transfection agent (Life Technologies, Carlsbad, CA, USA), according to the manufacturer's protocol. Then 10 hr later, 500 ng plasmids with the binding sequence in 3 0 UTRs of NFIX, Firefly Luciferase (reporter), and Renilla Luciferase (internal control) (pMIR-GIO, Genecreate, Wuhan, China) were transfected to human SSCs by lipofectamine 3000 reagent (Life Technologies, Carlsbad, CA, USA). Cells were lysed after 48 hr of transfection, and luciferase activity was measured using the tube luminometer (Berthold, Germany), according to the manufacturer's protocol. Data were normalized to miRNA mimic control-transfected cells.
Statistical Analysis
All data were presented as mean ± SEM from at least three independent experiments and analyzed by t test using Prism (version 5, GraphPad), and p < 0.05 was considered statistically significant. 
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